Production and utilization of carbon fibers (CFs) and CF reinforced plastic composites have been greatly widespread because of their distinguished properties. Although recycling of post-consumer CFs is required, recycled CFs often suffer from surface defects which diminish their quality. This article presents a process that create ceramic thin layers on the CF surfaces. CFs covered with ¡-Si 3 N 4 and ¢-SiC layers were prepared readily and they were characterized by significantly improved oxidation resistivity. The method would be available to recuperate properties of the recycled CFs and might convert the post-consumer CFs into value-added products.
Introduction
Since carbon fibers (CFs) offer the highest specific modulus and specific strength of all reinforcing fibers, CFs and related materials have become quite significant as reinforcements for polymeric composites. Recently, CF reinforced plastic (CFRP) composites can be found in load-bearing structural applications, such as aircrafts, automobile bodies, fan blades for wind electricity, and so on.
1),2) CFs and their composites have been found to be promising candidates for microwave absorption applications as well.
3),4) Microwave absorbing materials should be used in mobile digital devices to reduce electromagnetic radiations harmful to human bodies. 5) Along with rapid development of electronic devices, the field of CF application is getting broader. Hence, the demand of CFs in industries is likely to keep growing.
CF production processes are time and energy consuming. 1) To meet growing demands for CFs, the use of recycled CF materials is increasingly important. Obviously, recycling of CFs is also desirable from a sustainable development perspective. At present, there exists several techniques to recycle CFs from waste CFRP composites. Removing matrix polymers by chemical solvents or pyrolysis would be representative. 6) However, the present recycle techniques cannot avoid introducing defects such as flaws or notches to CF surfaces. The defects would diminish chemical stability of CFs. They also act as a stress concentrator for crack propagation, which remarkably deteriorates mechanical properties of CFs. 7) One of the solutions should be to coat the CF surfaces with ceramic materials such as silicon nitride or silicon carbide.
Such the non-oxide ceramics can be characterized by their high heat resistance, superior mechanical strength, electric insulating, and so on. 8) Providing adequate surface finish could protect CFs from breakage due to the surface defects. 9) In addition, chemical stability such as oxidation resistivity should be improved by the surface ceramic layer. 10) There are preceding works reporting that ceramic coating enhances microwave absorption property of CFs as well.
11),12) Ceramic coating would add the extra values to recycled CFs. In other words, the ceramic coating of CFs should be an upcycling process. 13) Under the circumstance, we attempted to form the silicon-based ceramic layers on CF surfaces. The microstructures, crystalline phases and oxidation resistivity of the prepared materials were investigated. Being protected by the ceramic layers, the recycled CFs could be re-impregnated with new matrix polymers to manufacture recycled CFRP composites.
14)

Materials and methods
The CF material used was a milled one, TORAYCA MLD-300 (Toray Industries Inc., Japan), with a mean fiber length of 130¯m and a mean fiber diameter of 7¯m. The CF material used is not treated with sizing agents beforehand. As a source of the Si-based ceramic layers, we employed a commercial silicone resin (TSE-350, Momentive Performance Materials Inc., USA). The milled CF and the silicone resin were blended with a homogenizer. The CF weight fraction was adjusted to 30 mass %. The mixture was cast on polyethylene terephthalate (PET) substrates and the thickness of the resultant films was adjusted to 1 mm by compression between two PET sheets. The obtained film specimens were subjected to preliminary heating (500°C, 60 min) to prevent sudden occurrence of gaseous compounds. Subsequently, the specimens were heated at 1450°C for 60 min under two kinds of furnace atmospheres, which are nitrogen (N 2 ) gas and vacuum.
Morphology of the obtained specimens was examined by a scanning electron microscope (SEM; JSM-IT300, JEOL, Japan). Element analysis was also conducted via energy dispersive X-ray (EDX) spectrometry during the SEM observation. Crystalline phases contained in the prepared specimens were identified by X-ray diffraction (XRD) analysis (RINT-2000, Rigaku Corp., Japan). Thermal analysis was performed by thermogravimetry (TG) to determine oxidization resistivity of the obtained materials (TG8120, Rigaku Corp., Japan). The measurements were conducted at a heating rate of 10°C/min in the atmosphere.
Results and discussion
SEM images of the pristine CF and the heat treated specimens are presented in Fig. 1 . The pristine CF possesses a relatively smooth surface. In the specimen heated in N 2 gas, CF coexisted with tiny deposit aggregates and densely tangled nanowires. The CF surface is likely to be covered with an extrinsic material layer, which are accompanied with the aggregates [ Fig. 1(c) ]. As for the nanowires, SEM observation with higher magnification revealed their cylindrical shape and the diameter was found to be less than 100 nm [ Fig. 1(d) ]. In the specimen heated under vacuum, no nanowire was found. The CF fibrils were covered with a thin layer of additional substances. The layer was characterized by multiple openings where bare CF surface was exposed [ Fig. 1(f ) ]. Such the empty regions would be arisen by intersection of CF. Since the Si-source resin cannot intrude into the contact points among CF, the regions with bare CF surface remained in the final product.
XRD profiles of the specimens are presented in Fig. 2 . A profile of the CF-silicone resin mixture before heat treatments is also given in the chart. A broad peak around 26°observed in the all profiles is arisen by disordered graphitic carbon in CFs. 11) In the profile of the raw materials mixture, reflection peaks assigned to calcite (the most stable phase of calcium carbonate) were found.
15) The silicone resin we employed should contain calcite particles because calcite is the most widely utilized mineral filler in polymer applications. The peaks due to calcite vanished in the XRD profiles of the heated specimens. Calcite particles heated at temperatures above 825°C turn into calcium oxide releasing carbon dioxide. Since calcium oxide does not decompose at 1450°C, they might have fallen behind during the heating treatments. The compositions of the heat-treated specimens calculated based on the EDX results are summarized in Table 1 . In EDX spectra of the both specimens, the signal from Ca element was below the measurable limit. Absence of the Ca peak also indicates that calcite and/or its outgrowth have fallen behind from the heated specimens. In the XRD profile of the specimen heated in N 2 gas, a number of intense reflection peaks were found and they were attributed to ¡-Si 3 N 4 [ Fig. 2(b) ]. A large fraction of the deposits found in the SEM observation would be ¡-Si 3 N 4 . It has been reported that ¡-Si 3 N 4 crystallites are often in shapes with higher aspect ratios such as nanowires and nanobelts. 16 ),17) That should be due to manifestation of its crystal habit. In the profile of the specimen heated in vacuum, small reflection peaks attributable to ¢-SiC were found [ Fig. 2(c) ]. In the SEM observation, no substance with crystalline facets was found. Hence, the thin layer deposited on the CF surface should be composed of nano-sized ¢-SiC crystallites. Figure 3 gives typical burnout profiles of the CF specimens measured by TG analyses. Weight change below 500°C was rarely observed in the all curves. The pristine CF started to decompose at around 550°C and its combustion reaction completed at around 800°C leaving no residue. In contrast, the CF specimens coated with ¡-Si 3 N 4 and with ¢-SiC left 44 and 7 mass % substances, respectively. Since the Si-based ceramic materials are stable at elevated temperatures, they are the principal constituents of the residues. The result is consistent with the intense reflection peaks of ¡-Si 3 N 4 and the weak ones of ¢-SiC found in the XRD chart (Fig. 2) . The decomposition temperature at 50 mass % loss was around 725°C for the pristine CF. The temperature at 50 mass % loss of the contained CF was derived from the TG curves for the CF specimens with the ceramic coating. The temperature was around 825°C for the ¡-Si 3 N 4 coated CF and 810°C for the ¢-SiC coated CF. The TG curves of the ceramic coated CFs shifted toward higher temperatures significantly, indicating that the ceramic coating improved oxidization resistivity of the CF specimens.
The oxidization resistivity of the ¡-Si 3 N 4 coated CF was almost 100°C lifted from that of the pristine CF. The resistivity of the ¢-SiC coated CF was slightly lower than that of the ¡-Si 3 N 4 coated one. This discrepancy could be ascribed to the multiple openings remained on the ¢-SiC coated CF surface [ Fig. 1(f ) ]. At the openings, bare surface of CF is exposed to the surrounding atmosphere and is not protected. The ¢-SiC layer would form via reactions between the Si-source resin and outermost carbon atoms of the pristine CF. As is stated above, the openings would be due to the contact points among CF in the starting materials mixture. Frequency of CF contacts could be decreased by enhanced dispersion of CFs in the Si-source resin. Hence, as for the ¢-SiC coated CF, there is room for further improvement in its oxidization resistivity. The ¡-Si 3 N 4 layer on CF occurred with a considerable amount of nanowires, even though shapes with higher specific surface area are unfavorable in thermodynamic terms. It is probably caused by an inherent property of ¡-Si 3 N 4 , leading to fast growth along crystallographically specific directions. 17) In addition, presence of constantly supplied N 2 gas should have facilitated crystal growth of the nanowires. Since the ¡-Si 3 N 4 layer would form via reactions between the Si-source resin and the surrounding N 2 gas, the ¡-Si 3 N 4 crystals tend to grow outward. At the present, almost half the weight of the obtained specimen is occupied by the ceramic materials. Conditions of the heat treatment should be tuned to minimize the amount of ceramic materials which are not engaged for CF surface protection.
Although the method reported herein has scope to modify, that does not require addition of catalytic materials such as metals. It is a significant advantage of our method when compared to the preceding works. 5),16), 17) We look forward to this simple and inexpensive method applying to the practical recycling of CFRP.
Conclusion
In the present work, Si-based ceramic layers were successfully grown on the CF surface without utilizing catalysis materials. By selecting heating atmospheres, ¡-Si 3 N 4 and ¢-SiC layers were particularly prepared from the same starting materials. Compared with the pristine CF, the oxidation resistivity of the ceramic coated CFs was Journal of the Ceramic Society of Japan 127 [5] 
